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Abstract
011 .lLIly  4, 1997 the Pathfinder Mission successfully began an new era of robotic

exploration of Mars. 3’he primary scientific payload for tbe Pathfinder 1,aadcr  is the
Sojourner l’ruth h4ars Rover, an autonomous robotic vehicle, which is exploring and
conducting scientific measurements on the Mars surface. ‘l’he development of the
structure of the Mars Rover required immvat ivc design and testing to overcome the
mission comtraints from the difficult environments during  launch, cruise and surface
operational phases of the mission. ‘J’here were aclditicmal constraints on mass, power and
volume and requirements for sterilization for planetary protection. ~’he final design
consisted of an integrated structural and thermal design  utilizing lightweight thermally
imulating composites with acrogel insulation. Over the next several years, a series of
Rovers will explore the surface of h4ars. “1’hese will range from small Nanorovers
weighing less than 1 Kg to large science rowxs weighing LIp to 50 Kg, atd sample return
rovers somewhere in between. I {ach  wil I require special izcd composite structures and
sampling mechanisms to reduce mass, and provide structural thermal isolation.

-w ~ovcr
‘l’he Sojourner lbvcr is part of the scientific and cnginccring  payload for the Mars

f’athfindcr mission to explore the Martian surface. ‘1’he l’athiindcr  mission is an
engineering demonstration of key technologies and concepts for the future exploration of
Mars employing surface landers and rovers. ‘lhc mission successfully landed on Mars cm
.luly 4, 1997. A picture of the rover system just after landing is shown ia E’igurc 1. ‘1’hc
Sojourner rover was limited to a total mobile mass of 11.0 kg, including the Alpha-Proton
X-ray Spectrometer (APXS) scientific instrument, ten engineering experiment packages
and an imaging system. ‘J’he landing site for the Pathfinder mission is a rocky plain in an
area known as Ares Val 1 is. ‘llc atmosphere is nominal Iy 8 torr COl gas, with average
surface wind that may range from 0.2 to 1 m/s at night, and up to 4 m/s during the day.
~’hc diurnal surface and atmospheric temperatures ha~e ranged from a high of 00(’ to a
low of -83 ‘C. ‘1’he Mars Rover mission operation scenario is driven b} the Martian
environment and the power limitations on tk Roi’cr for heat generation. “l’he primary
internal heating is provided by 1{11[1’s that produce 2.9 W continuously. Power is
provided by the solar array and is used itltcrnally  for electronic components, and
externally for motor and steering drive mechanisms, lasers, cameras for navigation, and
for the operation of the APXS. ‘1’hc dissipated heat from the electronics provides the
second significant  source of internal heating during the day.

‘J’hc primary structural elements arc the Warm l;lcctronics IIox (\\] I;}]), solar array
and the rocker-bogie  mobility system. ‘1’hc W1;13 and the solar array structure arc
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ccmpositc structures. ‘1’he rover is ccmtained within a stowed volume  of 340 mm by 275
mm by 150 mm, and the deployed rover size is 650 mm by 470 mm by 320 mm. It’s
mobility is provided by a six wheel dri}rc, rocker-bogic suspension system with four
steerable wheels. Power will be supplied from a single 0.22 mz GaAs solar panel that
provides a peak power of 16 Watts and has a nonrcchargcablc  battery system that cat]
provide 150 W-hr at 50940 depth of clischargc for the night  operation of the APXS. “1’hc
WliH must vent the air pressure during launch, survive launch and landing, and meet
strict planetary protection standards. “1’he W1;I1 also has electrical cabling passing
through the cable tunnel to connect with the solar array, motors, charge couple  device
(CCI)) cameras, lasers, the drive system and other external experiments. The Sojourner
rover design  developed from the need to meet conflicting thermal requirements, the need
to stay within a system mass allocation without giving  up functionality and the
requirement to stay withitl a small ~folunlc  envelope.

‘l’his requirement for minimal mass and thermal control led to the development of
Sojourner’s lightweight composite integrated structure and thcmal control[  1 ]. l’his led
to a different design solution for rovers than for landers, such as the two Viking
1,andcrs[2]  and pathfimlet[3]. ‘] ’he structural requirements were clcrived  from the
vibration and acoustic loads associated with the l)clta 11 launch vehicle and from the
impact loads that were expected to occur during Pathfinder entry, decent  and landing
(111)1 ,). ‘l’he highest loads were expected during 111)1,, where the rover could potentially
have seen LJp to a SO g impact load. k’or Sojourner, the thermal constraints and mass
limitations of the mission were the primary drivers for the mechanical system. ‘1’hc
ovcral  1 thermal system rcqui rcmcnts arc based on the internal tctnperaturc  requirements
of the clcctrcmic components during the cliffwmt  phases of operation environments.
‘IICSC were ground operations before launch, launch, cruise to Mars, and Mars surface
exploration.

]n the last decade, there has been a significant amount of interest in solid
acrogcl materials, both organic and imrganic[4]. ‘Ibis is a result of their Icnv densities,
high surface areas and other unique properties. one unique property of aerogcls  is there
low thermal conductivity. F’rickc[5] has studied the thermal properties of acrogcls,  and
has shown that the thermal conductivity of silica acrogcl is dependent both m its density
and environment. ‘1’here was no data available for the combination of cryogenic
temperatures and low densities acrogcl  that were being  considered. A prototype structure
was dcvclopcd  and tested at 1 atm, 10 torr and 10“3 torr vacuum. “1’hc results of thermal
conductivity testing ofthc acrogcl  with glass-epoxy structure arc shown in ‘l’able 1 and a
typical wall structure is showm in l;igurc 2. IIccause of the different phases of operation
from before and after luanch, there was a significant advantage to have diffcrcrtmt
thermal performance in vacuum compared to 1 atmosphere. ‘1’hc composite structure
consists of glass/epoxy faccsbects  with glass/epoxy Y, spars and edge close-outs, with
solid silica acrogcl between the spars. ‘1’he solid silica aerogcl performs as the main
thermal insulation, with the thermal design tailored to minimize heat loss through the
vertical spars. ‘l’he number of Z spars and their spacing was determined by the finite
clement structural analysis. ‘lhcrc is one Z spar is in the middle of the end malls and four



spars a spaced between the end C1OSCOMS on the side and bottom walls. ‘Ihc silica
acrogcl  was manufactured at the let Propulsion 1,aboratory  (.IPI.) at a density of 15-20
Jng/cc (0.94 -1.25 lb/ftl).  “1’o reduce internal radiation, a 5 mil gold coated kapton  film
was placed between the two layers of solid silica acrogcl  and to act as a radiation barrier.
Ihe solid acrogel used in the Mars Rover is hydrophobic, and has good mechanical shock
resistance. ‘1’he open cavity sheet and spar design was dictated in part by the mechanical
properties and handling ability of the acrogcl. While t}lc acrogel can mechanically
withstand the loading from launch vibration and shock from the Mars surf ice landing
when constrained within the walls, it is essentially a brittle-rubbery material at the low
densities used in the Mars Rover. ‘1’hc material has good compressive properties, but low
shear strength. ‘l’his necessitated that the Will) be built around the acrogcl  in a sequential
manner. ‘1’hc fully assembled Wl;fl, shown in l;igurc 3, has sufficient strength and
stiffness to meet a 65 G launch and impact design requirement while supporting delicate
i~~tcrnal electronics and external sensors.

Onc aspect of the small size and volume of the Mars Rover design  is that interior
components such as the structural axle tube span from side wall to side wal I to provide
mechanical stiffening. “1’his  is shown in l~igurc  3. ‘1’hc structural axle provides the
mechanical attac}mcnt  point for the rocker-bogic wheel assembly and transmits most of
the WJIB’S launch and landing structural loads, and houses the R] I(J’s. It is ciesigncd out
of glass-epoxy to meet structural requirements and minimize conductive losses.
Attachments to the walls are through thermally isolating composite fittings made out of
G-1 O with steel inserts. ‘1’hc design feature of directly attaching components to the walls
was utilized to integrate the interior components with the structural design. All exterior
surfaces have cocmul  gold coatccl Kaptm. ‘1’his was to provide a low cmissivity  surface
to rcducc radiation. All interior surfaces have cocurcd nickel  coated graphite paper. ‘l’his
material serves two purposes, “1’hc first is to provide a high cmissivity  optical property for
all internal surface to minimize heat loss and to enhance isothcrmalization.  ‘1’hc second is
that the nickel coating on the graphite paper acts as the I;MI shielding for all of the
interior electronics.

1,ightwcjght  survivable Rov&L’
IJutarc small lightweight rovers for Mars will have scrioLls constraints on mass,

vol LImc  and power availability. ‘l’hey  will be expected to have lifetimes lasting several
months to a year, and wi 11 be operated in more severe cnvi ronmcnts  than the Sojourner
Rover. ‘J’here is also the constraint that future rovers may or may not have available
R1 IU’S to provide heating of interior electronics. ‘j’llcrc  ~$ill also  bc less and VOIUmC
allocated to structure and thermal control to provide for more scicncc payload. In order
to optimize the integrated structure and thermal design for future rovers, a more focused
systems approach was taken than the Soiourner  rover. ‘Ibis bccamc  the objcctivc  of the
I lightweight Survivable Rover (1 .S1<) dc;clopmcnt.  Its charter was to develop a mass and
VOILIIUC  efficient structure and thermal design for future rovers that woLl]d  not leqLli Ie the

Llse of RI 1(1’s. ‘1’his was accomplished by minimizing thermal losses in the integrated
stmcturc/thermal design and by using more lightweight composites for structural
elements.



I;igure 4 shows the finished 1,SR Rover. Mass has been reduced  in the 1,SR rover
by increasing the amomt  of composite materials being LMCd in the design. ‘l’his increases
the overall mass efficiency and increases the structural integrity. ‘1’he I ,S1< chassis uses
the same lightweight sheet and spar glass epoxy structure that was used on Sojourner.
‘1’here arc two significant design improvements, first the structural axis tube has been
removed and replaced with shoulder joints that arc bonded  to the exterior wall and second
is the use of an improved opacificd  acrogcl  for thermal insulation. l’hc glass-epoxy tube
penetrating the wall accounted for 25°/0 of the heat loss on Sojourner. “l’his changes the
mechanical load path for the rover. lkforc, the axial tube was the load path for two out of
the three cable tic downs for launch restraints. It was conceived that all three cable tie
downs could be directly tied to the structure as was done for the z-axis restraint on
Sojourner. “l’his is plausible because future missions to Mars will usc rocket controlled
descent for landing similar to the Viking  mission. “l’his reduces the stress requirement
from 65G to the range of 20 G. ‘1’hc side wall spars were redesigned to have a series of
spars that provided an internal box structure at the attachment location of the rockcr-
bogic shoulder joints. ‘l’he other change is the usc of an opacificd  rcsorcinol-formaldhyde
aerogel. “l’his is a material that recently has become commercially available from Acrojct
Corporation. As shown in l;igurc  5, it has a lower thermal conductivity in an 8 torr
simulated Mars environment than con~’entional  foam insulation and the transparent silica
acrogcl.

‘lo further reduce mass on 1,S1{, graphite-polycyanate composite laminates arc
used for the structure of the science trays, the cliffmmtial,  rocker-bcmgic struts, and
w]lecl Segments. ‘1’hc composite wheel segments allowed the design of a collapsible
wheel that is lighter  than the rigid design used on Sojourner would be at the larger
diameter used on 1,SR. ‘1’hc wheel segments arc [0,-1 /-60]s graphite/cyanate-ester
laminates formed to the shape of 60 degree arc segment for a 2(I cm wheel. l’hc front and
rear science trays are balanced quasi isotropic laminates. ‘1’he differential struts arc 2-1]
laminates formed over an tapered it~terior mandrc]. ‘1’he rocker boogic  struts for 1,S1< are
[0,0, + /-30]s 1.0 inch diameter tubes that ~vcrc  formed in a closed capture tool with a
~’eflon mandrel. in this process, both the 1.1). and ().1). arc carefully controlled. Similar
composite tube struts were LISC d in the robotic arm secI~ on 1,S1<.

Sample Return Rovc~
Current NASA plans for Mars I;xploration  include a sample  return mission as

early as 2005. l)uting  the last year there has been an active development of a prototype
Sample Return Rover (SRR), which is shown in F’igurc 6. It is based on m operations
scenario where a lander arri~’cs  at the surface of Mars, deploys a small rover which
collects a sample  cache and returns the samJ~lc  cache to the ascent vehicle for liftoff
within a 24 hr period. Othcr science rovers would stay on the surface for the folloJving
year. LJsing  this as the mission operations scenario, Sf<l<  ~~as developed. It includes
several innovative and novel features in composite structural design. Previous rovers
developed for the Pat}lfinder mission and under the 1,S1< program have utilimxi a Warm
Iilcctronics  Box (Will]) approach for the primary structural chassis [ 1 ,6] h’or those



rovers, the integrated structure has both structural and thermal requirements. ‘1’his led to
the boxy appearance of the W1{13. l;or SRI{, the chassis has structural requirmmts  but no
thermal insulation requircmnts and no requirement for a large flat solar array. l’his
allowed more freedom in the mechanical design to minimize the structure and move away
from a boxy configuration.

}Jor SRI{, the mec}lanical  configuration was driven by the need to provide a stable
platform for the robotic arm and the mobility system. SRR changes the paradigm as to
how mechanical loads are distributed compared to previous rovers dcve]opcd  at JPI,. l;or
the Sojourner rover, the mechanical loads for the mobility system are all carried through
the axial composite tube, and tbc WI;]] provides the mechanical support for the
electronics and science instruments. As part of the 1,S1< development the structural axis
tube was eliminated to significantly decrease its associated thermal losses, and the W1131
was redesigned to take the mechanical loads for the mobility system and science
instrumentation l;or SRR there is a requirement that the robotic arm and the mobility
system be rigidly associated. ‘1’o accomplish this S1<1<  utilizes a “’1’ee” sandwich
panel/shear plate design. ‘Ibis design approach provides high localized stiffness for the
load paths required for the mobility system shoulder joints and the robotic am assembly.
l’his is illustrated in I;igure 7. lly using M4&l/cyat~ate-ester  faccsbects  and a lightweight
aluminum honeycomb saildwich  structure selectively only  in the load paths, a uniform
16000 inch-lb stiffness is achieved. ‘l’his compares to the localized 6000 inch-lb stiffness
in the Sojourner class W1lD chassis design. In S1<1< the specific stiffhcss  ~vas optimized
compared to the specific thermal conductivity optitnimi  in Sojourner. ~’his localized
stiffness approach minimizes mass and provides stiffness and load paths as needed for the
mechanical system. ‘Ike robotic arm on SRI{ is all composite structures. I’his is natural
use of composite structure to provide high stiffness at lo~v mass. All of the tube elements
and endfittings  arc made from graphite composites. ‘1’his was to increase stiffness and
reduce mass to provide a high stiffness arm.

‘1’ransfcrring  all of the mechanical loads into a single plane rmo~’es the primary
structural requirement from the rest of the SRR chassis. ‘1’his allmvs the reduction in
mass in the chassis. ‘1’he rest of the chassis becomes an exoskeleton that is fitted to the
volume of the electronics and interior mechanical assemblies. ‘1’bis configuration
approach improves the design by removing the boxy appearance of pervious rovers. l;or
SRR, the exterior shell is designed out of lightweight l;, glass-epoxy with cocurcd
aluminized Kapton. “lhc low cmissity  alunininxl  Kapton provides a dLIel role as a

thermal control surface and as the ground plane for the beacon assembly.

‘l’he next innovation in the usc of composites in S1{1< is the hybrid Kcvlar/graphite
cyanate-ester laminates used in the collapsible wheel segments. “1’his  hybrid approach of
using Kevlar as the outer surface increases the abrasion resistance of the wheel assembly
and adds to the wheels traction, IIy using proper design and improved material selection,
the ncw whce] segments are 300/0 stiffer at the same mass than the wheel segments in
1 SK graphite composite wheels. l’or SRR, wc have retuned to the me of 17-7
precipitation hardened steel cleats as was used on Sojourner. ‘1’he return to the steel cleats



improves the traction of the composite whec]s. ‘1’he concept of hybrid Kcvlar/graphite
was also used in whcc] hutJ covers, which arc located on the inside of the wheel
assemblies. These wheel hub covet-s effectively prevent rocks from hanging up the ro~’er
as it drives.

]:uturc ‘1’rcncls
‘1’hc current trend for the structural clcvclopmcnt  of future Mars rovers is being

conducted by the hlars l{xplorat ion ‘1 ‘cchnology program. ‘1’his year they plan to develop
the F’icld integration ])csign &Opcrations  (1~1 l)())  rover. ‘1’his series of rovers will
bccomc the prototype for the 2001 Mars mission rover. Onc initial concept is to merge
the “l’cc” sandwich panel/shear plate mechanical load path approach with the thermal
insulation improvements dcvclopcd  in the 1,S1{ rover. ‘l’his approach will provide the
higher mechanical stiffness required for future rovers with robotic arms and deployable
mechanisms. It will also lead to a direct cksign path for the integrated thermal and
structural chassis nccdcd for the 2001 Mars flight systcm rover. ‘1’his rover will weigh 30
Kg and carry up to 15 Kg of science payload. Composites will continued to bc used for
the structural WEB chassis. ~’hc wheels arc likely to be partially fabricated out of the
hybrid Kcvlar/graphite-cy  anatc composite demonstrated in SRR. other primary and
secondary components will bc designed and fabricated out of composite materials as
appropriate, with reliability, mass and configuration driving the materials sc]cction
process. At the other end of the spectrum, there is concurrent development of a 1 Kg
nanorover  which is the cnginccrin.g  prototype for the MUSI{S C/N mission for an
asteroid rendezvous. ‘l’his wilt bc a solar powered, 4 W}lCCICCI rover that has the capability
of flipping itself over and self righting itself. Composites will play a significant role for
all of the classes of mvcrs that are being cic~’clopccl  for future Mars missions. It will be
used for primary and secondary structure to reduce mass, and to proviclc  thermally
insulating structures. ‘1’hc robotic arm on the Mars ’98 mission is an composite structure
with aluminum end fittings. L’uturc arms on planetary rovers will bc composite, as
illustrated by MarsArn~ 1 and on 1.SR and SRR, rcspcctivcly
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l:igure 1: View of the Sojourner Rover  in deployed  position



10 mil Glass-Epoxy Facesheet
With Gold coated Kapton Surface

0.5 mil Gold Coated Kapton Radiation Barrier

——— — — —  ——-

Glass-Epoxy Structural Spars
Solid Silica Aerogel

IJigure  2: Configuratio~~ of aerogcl structural insulation assembly for a typical wall.

F’igure 3: View of the Rover  W1lB without electronics.
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I:igure 6: View of the Sample Return Rover

F’igure 7: SRR utilizes a “’lee” sandwich panel/sheat plate design for the floor panel.


